The photosynthetic carbon reduction cycle intermediates can be divided into three classes according to their effects on the rate of photosynthetic C02 evolution by whole spinach (Spinacia Intact chloroplasts, in contrast to fragmented chloroplasts, will evolve oxygen and reduce carbon dioxide to carbohydrate (17). Some, but not all, intermediates of the photosynthetic carbon reduction cycle are known to stimulate photosynthesis in the intact chloroplast (4, 5). It has also been shown that intermediates such as fructose 1,6-diP and ribose 5-P which can stimulate photosynthesis of the isolated chloroplast, in contrast to glucose 6-P which has little effect, can restore carbon dioxide assimilation or oxygen evolution inhibited by arsenite (4), iodoacetamide (4), or orthophosphate (8) but not by DCMU (3) or 2-heptyl-4-hydroxyquinoline-N-oxide (3).
Intact chloroplasts, in contrast to fragmented chloroplasts, will evolve oxygen and reduce carbon dioxide to carbohydrate (17) . Some, but not all, intermediates of the photosynthetic carbon reduction cycle are known to stimulate photosynthesis in the intact chloroplast (4, 5) . It has also been shown that intermediates such as fructose 1,6-diP and ribose 5-P which can stimulate photosynthesis of the isolated chloroplast, in contrast to glucose 6-P which has little effect, can restore carbon dioxide assimilation or oxygen evolution inhibited by arsenite (4), iodoacetamide (4), or orthophosphate (8) but not by DCMU (3) or 2-heptyl-4-hydroxyquinoline-N-oxide (3) .
The purpose of the present study was to characterize more fully the stimulation of photosynthesis by components of the photosynthetic carbon reduction cycle with emphasis on their ability to reverse inhibitors specific for either the carbon cycle or the photochemical reactions. A preliminary description of this research has been published (15) . ' This research was generously supported by the National Science 
MATERIAIS AND METHODS
Intact chloroplasts were prepared from Spinacia oleracea by the method of Jensen and Bassham (12) . Five grams of leaves from the greenhouse, environmental room, or obtained locally in the field, were deribbed, cut into small pieces, and subsequently placed in a semimicro homogenizing vessel and blended for 5 sec with 25 ml of solution A containing MES buffer, pH 6.1. The homogenate was filtered through cheesecloth and centrifuged at 2000g for 50 sec. The resulting pellet was resuspended in approximately 2 ml of solution B containing HEPES buffer, pH 6.7. The addition of 0.1 ml of this suspension containing intact chloroplasts to 2.9 ml of reaction mixture gave a chlorophyll concentration of from 20 to 40 ,tg/ml as determined by the method of Arnon (1). The reaction mixture for both CO, and 02 measurements contained 0.33 M sorbitol, 2 mm NaNO,, 2 
RESULTS
General. Bamberger and Gibbs (4) utilized spinach chloroplasts isolated in sodium chloride, whereas in the present study 707 Incubation was in the standard reaction mixture under N2 with a light intensity of 2600 ft-c. Rates of fixation were determined during the 2 min to 6 min interval after the light had been turned on, the period which gave the highest linear rate for each concentration of NaHC03. Control (X) and fructose 1,6-diP (0). had no effect: fructose 1, 6-diP, dihydroxyacetone-P, glyceraldehyde 3-P, ribose 5-P.
Class II. Effect slight: glucose 6-P, fructose 6-P, ribulose 1, 5-diP. Class III. Stimulation and reversal variable depending on the preparation: glycerate 3-P. Table I shows the effect of a number of these compounds on the distribution of isotope during photosynthesis in "4CO2. Fructose 6-P did not alter the rate of fixation but did affect the location of isotope.
Stimulation under Limiting Conditions. In order to determine whether fructose 1, 6-diP could increase the rate of photosynthesis under bicarbonate limiting, as well as saturating conditions, the experiment recorded in Figure 1 was done. A plot of S/V versus S is given, and the line of best fit determining the Km was obtained by method of least squares. The Km for bicarbonate was approximately 1 mm and appeared to be unchanged by fructose 1 ,6-diP, although the rate of fixation was increased at all bicarbonate concentrations used.
Photosynthesis, as measured by 0, evolution or CO2 fixation, was also stimulated by fructose 1, 6-diP when light was limiting. For example, at 300 ft-c, chloroplasts evolved 12 ,tmoles 02/mg chl hr, whereas the rate was doubled on addition of 1 mm fructose 1, 6-diP. When the light intensity was tripled, the 0, value increased to 20 tcmoles/mg chl hr and, on addition, ,cmoles/mg chl-hr were: control, 29 (0); ribose 5-P (R5P), 28 (A); glycerate 3-P (PGA), 33 (0); iodoacetic acid (IAA), 3 (U); iodo-Pty. 1 PHOTOSYNTHETIC CARBON CYCLE INTERMEDIATES the rates of both CO2 fixation and 02 evolution were partially restored.
In an experiment where the rate of CO2 fixation was followed in the presence of 0.25 mm iodoacetic acid, there were only relatively small changes in the distribution pattern recorded in Table I in contrast to the marked inhibition (90%) of the rate (data not given). The presence of 1 mm glycerate 3-P reduced the inhibition to 50% with little effect on the products formed. The one major change was a shift of isotope from glycerate 3-P to triose-P in the presence of iodoacetic acid and similarly in the presence of iodoacetic acid and glycerate 3-P. A decrease in glycolate was also observed.
Uncouplers of Photophosphorylation. Compounds of class I reversed the inhibitions of CO2 fixation and 02 evolution by arsenate (Fig. 4) , chlorocarbonyl cyanide phenylhydrazone, and its trifluoro derivative, desaspidin, and nigericin (data of the latter not shown).
Antimycin A. Antimycin A stimulates the rate of CO2 fixation and 02 evolution in intact chloroplasts (7). It was, therefore, of interest to determine whether the two stimulatory effects were related. In a typical experiment the rate of CO2 fixation was stimulated about 2-fold by fructose 1, 6-diP and 3-fold by the antibiotic. The combination of the two increased the rate by a factor of roughly 4-fold (data not shown). Thus, the effects seem additive.
Effect of Photosynthetic Carbon Cycle Intermediates on Partial Reactions of Photosynthesis. In an effort to determine whether the stimulation of the rate of photosynthesis by intact chloroplasts was related to reducing power, the effect of fructose 1 , 6-diP on TPN reduction and 9?, esterification was measured in chloroplast fragments. Fructose 1, 6-diP (1 mM) had no effect on these reactions. Furthermore, 1 tuM trifluorocarbonyl cyanide phenylhydrazone inhibited photophosphorylation by 30% and stimulated electron flow by 30%, but 1 mm fructose 1, 6-diP did not reverse these reactions in fragmented chloroplasts (data not shown).
DISCUSSION
Stimulation under Limiting Conditions. We interpret our findings to indicate that some intermediates of the photosynthetic carbon reduction cycle can bring about the potential ability of isolated chloroplasts to carry out photosynthesis. The basis for this suggestion is the ineffectiveness of fructose 1,6-diP to alter the affinity of the chloroplasts for NaHCO3 (Fig.  1) and the absence of a change in light intensity needed for saturation (see "Results" and [14] ). We conclude that during photosynthesis limited by bicarbonate or light, the addition of fructose 1 , 6-diP affects the rate because it increases the Vm,x, not because it lowers the Km. The Km for bicarbonate remains the same but more active chloroplasts are apparent in the assay. These units with identical Km contribute to the observed fixation rate. The activation of photosynthesis noncompetitive with respect to CO2 by intermediates of the photosynthetic carbon reduction cycle indicates that structural modifications of proteins may be occurring.
Antimycin A at low concentrations (5 uM) stimulates photosynthesis in chloroplasts when CO2 but not light is limiting (16) . The data presented in "Results" are indicative that the effect of the antibiotic differed from that of the class I intermediates. Based on a lowering of the affinity of the chloroplast for bicarbonate, the speculation was presented that antimycin A facilitated in some manner the primary carboxylation reaction (16) . In contrast, intermediates of the photosynthetic carbon reduction cycle do not seem to influence any specific site in the chloroplast but rather have a general effect.
Inhibitors. The significance of the inhibitor studies on CO, fixation and accompanying 02 evolution must be considered in terms of the variety of inhibitors used and the consistency of the response. The general conclusions of the inhibitor studies are two: (a) any moderate block by inhibitors of the photosynthetic carbon reduction cycle or by uncouplers of the electron transport chain, as measured in intact chloroplasts in terms of (Figs. 2, 3 ) and an inhibition of one parameter, 02 evolution or CO2 fixation, resulted in an inhibition of the other. lodoacetic acid (1 mM) and arsenite (1 mM) have little effect upon the energy conversion activities in fragmented chloroplasts (6, 10) . lodoacetic acid (6) is known to inhibit ribulose 5-P kinase and glyceraldehyde 3-P dehydrogenase. On the other hand, arsenite is thought to block carbon metabolism at the ribulose 5-P kinase step (10) . Our data show that the inhibition by both inhibitors was reversed by class I intermediates.
Not only was CO2 fixation restored, but, more importantly, a photosynthetic quotient of unity was recorded. The restoration of 02 evolution and the observation that the usual pattern of distribution of radioisotope within the Calvin-Benson cycle intermediates reappears is taken as evidence that the chloroplast was functioning normally. Earlier, when CO2 assimilation was the only parameter of photosynthesis measured, it was thought that the class I intermediates bypassed the enzymic block by furnishing carbon skeletons (4, 5 (2) . Despite these differences, the inhibitions of CO2 fixation and 02 evolution of the isolated intact chloroplast caused by all uncouplers were relieved by class I compounds (Fig. 4 and [14] (14) .
The possibility that class I compounds are involved in transphosphorylation, i.e., between fructose 1,6-diP and ribulose 5-P, has been raised (9) . It would seem that the clear lack of marked changes in 14C distribution (Table I ) and the fact that fructose 1,6-diP and ribose 5-P did not spare the esterification of inorganic phosphate (3P2) would lessen the possibility of transphosphorylation (14) .
There 
